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The 1.5 A˚ Crystal Structure of a Prokaryote
Serpin: Controlling Conformational Change
in a Heated Environment
is thus translocated 75 A˚ from proximal to the distal
end of the serpin molecule (Figure 1). In the resulting
complex, the proteinase is distorted to such an extent
that active site hydrolysis is significantly slowed [9, 10],
and the two are covalently linked [11, 12], with a half-life
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possesses dramatically enhanced stability with respectSchool of Biomedical Sciences
2 Victorian Bioinformatics Consortium to the native conformation [14], which represents a
metastable folding intermediate [15]. Serpins, therefore,Monash University
Clayton 3800 represent an exception to Anfinsen’s hypothesis [16].
The formation of the serpin-enzyme complex is thermo-Australia
dynamically driven, with the energy derived from RCL
insertion used to drive the inhibitory mechanism [17].
Conformational flexibility, in addition to being funda-Summary
mental to the inhibitory mechanism, is also used as a
means of modulating activity. For example, in the ab-Serpins utilize conformational change to inhibit target
sence of the cofactor vitronectin, the serpin plasmino-proteinases; the price paid for this conformational
gen activator inhibitor-1 (PAI-1) is able to spontaneouslyflexibility is that many undergo temperature-induced
switch from the native inhibitory form to a latent, inactivepolymerization. Despite this thermolability, serpins are
conformation [18]. Structural studies on PAI-1 revealpresent in the genomes of thermophilic prokaryotes,
that, in the latent conformation, loop insertion into theand here we characterize the first such serpin, ther-
A  sheet without cleavage has taken place [19]. Inmopin. Thermopin is a proteinase inhibitor and, in
contrast, the serpin antithrombin circulates in a relativelycomparison with human 1-antitrypsin, possesses en- inactive conformation, with its RCL partially insertedhanced stability at 60C. The 1.5 A˚ crystal structure
into the A  sheet. Interaction with high-affinity heparinreveals novel structural features in regions implicated
results in RCL expulsion from the A  sheet and activa-in serpin folding and stability. Thermopin possesses
tion with respect to its target proteinases thrombin anda C-terminal “tail” that interacts with the top of the A 
factor Xa [20–24]. Thus, in addition to being essentialsheet and plays an important role in the folding/
for the irreversible inhibition of a target proteinase, theunfolding of the molecule. These data provide evi-
intrinsic flexibility of serpins provides for an exquisitelydence as to how this unusual serpin has adapted to
sensitive control mechanism.fold and function in a heated environment.
Unfortunately, the ability of serpins to undergo confor-
mational change also renders the serpin fold susceptible
Introduction to inappropriate conformational rearrangement. Exten-
sive biochemical and structural studies have revealed
The serine proteinase inhibitor (serpin [1]) superfamily that inhibitory serpins are able to undergo a generic
comprises approximately 800 members [2, 3], the major- polymerization process whereby the RCL of one mole-
ity of which inhibit chymotrypsin-like serine proteinases. cule is able to insert into the A sheet of another, forming
The superfamily is functionally diverse and includes “loop-sheet” linkages [25–28]. Thus, many mammalian
crossclass inhibitors [4, 5] and noninhibitory members serpins, upon mild heating, readily and rapidly polymer-
[6]. Inhibitory serpins rely on an exposed loop (known ize or adopt the latent conformation (e.g., antitrypsin
as the reactive center loop [RCL]) to interact with a target [29, 30], PAI-2 [31], thyroxine binding globulin [32], active
proteinase. The sequence within the RCL determines the PAI-1 [33], and C1 inhibitor [34]). In addition, serpins are
specificity of the interaction (refer to the legend to Figure susceptible to mutations that result in instability and
1 for the substrate naming convention). In contrast to spontaneous conformational change. For example, the
small proteinase inhibitors, such as basic pancreatic Z variant (Glu342 → Lys) of 1-antitrypsin is the arche-
trypsin inhibitor (BPTI), serpins rely on a unique topologi- typal example of serpin polymerization, with the re-
cal rearrangement to inhibit the target proteinase. After sulting long chain polymers leading to the formation of
an initial interaction with a target proteinase, but prior disease-causing intracellular aggregates [29].
to hydrolysis of the acyl bond that normally transiently Until recently, putative serpin homologs could only
links the two, the RCL inserts into the middle of the large be identified in higher eukaryotes and viruses that infect
central A  sheet. This process is referred to as the S eukaryotes, suggesting that serpins had evolved to con-
(stressed) → R (relaxed) transition and involves a large- trol proteolytic pathways (for example, blood coagula-
scale structural rearrangement within the molecule to tion) present only in multicellular organisms [2]. How-
accommodate the extra  strand [7, 8]. The proteinase ever, in the past year, the sequences of several
prokaryote genomes have been released that encode
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transform the serpin from an inhibitor to a substrate
[39]. Consequently, temperature is a factor in complex
formation: the mesophilic serpin C1 inhibitor was found
to behave as a substrate at 4C, presumably because
of the reduced rate of RCL insertion [42]. The work is
of particular interest when considered with respect to
a thermophilic serpin, since it would be expected that
a thermophilic serpin would behave in a similar fashion
at temperatures below those at which it has adapted
to operate. Consistent with these data, a recent study
revealed that strategies to limit heat-induced polymer-
ization of a serpin, such as restricting either the confor-
mational mobility of the reactive center loop or the open-
ing of the A  sheet, are successful only at the expense
of inhibitory activity [43].
Thus, the possibility of a functional thermostable ser-
pin appears to represent an anomaly in the field. To
address this, we have initiated a biochemical, biophysi-
Figure 1. A Schematic Summarizing the Inhibitory Mechanism of
cal, and structural study of the serpin from ThermobifidaSerpins
fusca (thermopin). In this paper, we present evidence
The RCL is the region responsible for interacting with target protein-
that thermopin functions as an irreversible proteinaseases and is at the top of the molecule. Residues within the RCL
inhibitor with resistance to polymerization at high tem-are numbered according to Schecter and Berger [78], in which the
residues of a peptide substrate are designated Pn…P2, P1, and peratures. Moreover, the 1.5 A˚ crystal structure of
P1…Pn, and interact with corresponding subsites in the proteinase, cleaved thermopin was found to adopt the canonical
designated Sn…S2, S1, and S1…Sn; cleavage occurs by definition serpin fold in the cleaved conformation, supporting its
between the P1 and P1 positions. The proteinase (denoted by “P”) inclusion as a classical inhibitory member of the serpin
recognizes the RCL sequence and cleaves the serpin between P1
superfamily. A detailed structural comparison with theand P1; after this, prior to hydrolysis of the acyl bond that links
mesophilic and eukaryotic serpin, 1-antitrypsin, re-enzyme to inhibitor, the RCL inserts into the central “A”  sheet. The
proteinase is thereby translocated to the distal end of the molecule, vealed unique features, such as charge-stabilizing inter-
where it is compressed against the base of the serpin and its active actions, as well as a deleted element of secondary struc-
site is distorted. ture (the G helix) and a C-terminal extension (or tail) in
thermopin. We present evidence that the unique four-
amino acid C-terminal tail may form part of a strategy
putative serpins [35]. To our surprise, several thermo- adopted by the serpin to fold at high temperatures. Col-
philic organisms also contain putative serpins, includ- lectively these data provide structural and biophysical
ing: the bacterium Thermobifida fusca, a moderate ther- evidence as to how this unusual serpin member has
mophile (optimum growth temperature, 55C) [36]; the adapted to remain functional in an extreme environment.
fresh water bacterium Thermoanaerobacter tengcon-
gensis (optimum growth temperature, 75C [37]); and the
hyperthermophile archaeon Pyrobaculum aerophilum Results and Discussion
(optimum growth temperature, 100C [38]). All these ser-
pins contain the hinge region sequence characteristic Inhibitory Activity
In order to address whether the serpin from Thermobi-of inhibitory serpins [39]. The presence of putative inhibi-
tory serpins in thermophilic organisms is intriguing, fida fusca is a functional proteinase inhibitor, we cloned
thermopin and expressed it as a recombinant protein insince, at such elevated temperatures, all inhibitory ser-
pins characterized to date become inactive; electron Escherichia coli. A sequence alignment of thermopin
with the mesophilic serpin, human1-antitrypsin, revealsmicroscopy, native PAGE, and biophysical analysis have
indicated that this occurs primarily because of polymer- common features: the two proteins are of similar length,
they share 41 and 50 (respectively) of 51 highly con-ization (e.g., [29]), but other processes, such as unfolding
or aggregation, may be involved. The involvement of served residues from the serpin superfamily, and both
contain an alanine repeat motif within the so-calledtemperature in serpin-related disease has also been ob-
served; an individual carrying the antithrombin Rouen-VI hinge region, at positions P17–P9 (Figure 2 [35]). This
motif is characteristic of all inhibitory serpins [39] but ismutation, which rapidly polymerizes at 41C, suffered
episodes of thrombosis after bouts of high fever [40]. poorly retained in noninhibitory members. Accordingly,
thermopin would be expected to adopt a serpin fold,Since conformational change is important for function, we
hypothesize that a serpin molecule in a thermophile must capable of acting as a proteinase inhibitor, and pre-
dicted to therefore rely on conformational change forretain the ability to undergo controlled conformational
change, while resisting loop-sheet polymerization. Fur- function [35].
To investigate this further, we assayed purified ther-thermore, it is important that the molecule retains the
ability to undergo rapid conformational change, since mopin against the serine proteinase bovine chymotryp-
sin, which was selected as a convenient target on thethe rate of RCL insertion into the A  sheet has been
shown to be important for function as a proteinase inhib- basis of thermopin’s predicted RCL sequence (which
contains a P2 leucine that we hypothesized may interactitor [41] and mutations that interfere with RCL insertion
A Thermostable Serpin
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Figure 2. Sequence Alignment between 1-Antitrypsin and Thermopin Based upon a Superposition of the Cleaved Structures of the Two
Molecules
Numbering for antitrypsin is shown above the alignment, and numbering for thermopin is shown below the alignment. Elements of secondary
structure (calculated with DSSP [76]) are colored as in Figure 4 and are shown above (antitrypsin) and below (thermopin) the alignment. Amino
acids are shaded according to their physicochemical characteristics: hydrophobic residues, yellow; polar, noncharged residues, green; acidic,
red; basic, blue. Residues that are identical to those conserved in 70% of the serpin superfamily [2] are shown in white on black text. Non-
shaded amino acids in lowercase letters represent residues that were present in the thermopin construct but were not seen in the X-ray
crystal structure. The red triangle indicates the site of cleavage in the thermopin crystal structure; the filled black triangle indicates the primary
site of chymotrypsin cleavage, while the empty black triangles indicate secondary sites of cleavage with this enzyme.
with the primary specificity pocket of chymotrypsin). A (Figure 3A), suggesting that thermopin is able to undergo
reactive center loop insertion after cleavage. SDS-PAGEMALDI-TOF analysis of chymotrypsin-treated thermopin
identified one primary (P3-P4) and two secondary cleav- analysis also confirmed that the complex did not break
down over 4 hr at 37C (data not shown). Whether ther-age sites (P4-P3 and P2-P3); consequently, some chy-
motrypsin-thermopin interactions may not form a stable mopin can achieve ideal inhibitory activity (an SI value
close to 1) will be testable upon identification of a physi-covalent complex. These data also reveal that, in con-
trast to our initial hypothesis, chymotrypsin does not ological proteinase target. One candidate is a chymo-
trypsin-like serine proteinase that has been obtainedcleave the P2-P1 bond. At 37C, thermopin interacted
with chymotrypsin with a stoichiometry of inhibition (SI) from Thermobifida fusca [44, 45]. Since thermopin is
able to inhibit proteinases, yet exists in a heated environ-of 8.0 0.1 and an apparent (non-SI-corrected) second-
order rate constant (kapp) of 8.4  0.4  104 M1 s1. ment in which other characterized serpins would be
expected to polymerize or aggregate, we investigatedImportantly, there was no observed complex breakdown
over the time period considered; the formation of a 1 M thermopin’s thermal stability.
inhibitor/enzyme complex and then a 200- to 2000-fold
dilution into reaction buffer failed to show any regain of Thermal Stability of Thermopin
As a result of their metastability, inhibitory serpins areproteinase activity over 4 hr. The interaction between
thermopin and chymotrypsin thus appeared distinctly sensitive to mild heating and form loop-sheet polymers
at elevated temperatures. To assess the ability of ther-serpin-like, since it resulted in an SDS stable complex
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Table 1. Half-Life of Inhibitory Activity at 60C
t1/2
1-antitrypsina 4  0.5 min
Thermopin 28  3 min
Thermopin	ct 25  5 min
a From Devlin et al. [80].
resistant to heat-induced denaturation in comparison
with human 1-antitrypsin while retaining the ability to
inhibit target enzymes. Thermal denaturation (per-
formed at 1C min1) also revealed a modest increase
in thermostability; wild-type thermopin was found to
have a temperature midpoint (Tm) of 65.0C (Figure 3C),
compared with a Tm of 59.6C for 1-antitrypsin [46].
It was not possible to determine whether the loss of
inhibitory activity was due to aggregation or polymeriza-
tion by native PAGE; however, the loss of inhibitory
activity coincided with the loss of soluble material, indi-
cating that thermopin was not being converted to a
monomeric inactive form, such as the latent conforma-
tion (data not shown).
X-Ray Crystal Structure of Thermopin
The final 1.5 A˚ structure of thermopin (R factor 
 19.5%
and Rfree 
 22.3%; Table 2) exhibits excellent electron
density (Figure 4B) and stereochemistry and represents
the highest-resolution structure of a serpin determined
to date. The structure includes residues 5–367 (with a
break in the main chain between residue 324—the con-
sensus P2 position—and residue 332) and 604 water
molecules. It conforms to the overall fold of other
cleaved serpins (Figure 4A), with a cleavage site con-
firmed by MALDI-TOF to be at the P2-P1 peptide bond
(Figure 2, red triangle). Briefly, thermopin constitutes an
/ protein with three  sheets: the six-stranded A 
sheet, an underlying and perpendicular six-stranded B
 sheet, and a four-stranded C  sheet. In common with
other cleaved inhibitory serpins, the reactive center loop
of thermopin forms the central strand of the A  sheet
Figure 3. Inhibitory Activity and Stability of Thermopin (Figure 4A, magenta). Eight helices are distributed
(A) SDS-PAGE gel illustrating the formation of SDS stable complex around the periphery of these sheets, the most promi-
after incubation at 37C. The amount of thermopin was kept con- nent of which include helix A at the N terminus of the
stant, with decreasing amounts of bovine chymotrypsin from left to
protein, running across the back face of  sheet A paral-right; Ch, chymotrypsin alone. The expected positions of complex,
lel to  sheet B; helix F, lying across the face of  sheetintact, and cleaved material are shown.
A; and helices C and D, abutting sheet A and roughly(B) Loss of inhibitory activity as a function of time after heating at
60C, for 1-antitrypsin (gray line, open triangles), thermopin (black perpendicular to the N terminus of helix A.
line, open squares), and thermopin	ct (dashed line, open circles).
(C) The thermal unfolding of thermopin (black line, open squares)
Structural Comparison with Otherand thermopin	ct (dashed line, open circles) was followed by far-
Cleaved SerpinsUV CD at 222 nm and a heating rate of 1C/min.
A structural comparison reveals that thermopin and
cleaved 1-antitrypsin superpose to 1.27 A˚/atom over
289 C atoms (Figure 4D). Two gross structural differ-mopin to resist elevated temperatures over time, we
determined the ability of heated material to inhibit bo- ences with respect to the archetype serpin fold are im-
mediately apparent (Figures 4B, 4C, and 2). First, the Gvine chymotrypsin (Figure 3B). The experiments were
performed with 1-antitrypsin as a reference. The loss helix, an element of secondary structure present in all
other serpins structurally characterized to date, is ab-of inhibitory activity over time was fitted to a single
exponential decay curve and yielded the t1/2 values sent in thermopin (Figure 4C). Second, thermopin in-
cludes a unique four-amino acid C-terminal extensionshown in Table 1. At 60C, thermopin was found to have
a decay half-life around seven times longer than that that lies across the top of the A  sheet (Figures 4A and
4B). Thermopin and 1-antitrypsin superpose well overof 1-antitrypsin. Thus, thermopin is substantially more
A Thermostable Serpin
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Table 2. Data Collection and Refinement Statistics
Data Collection
Temperature 100 K
X-ray source Rigaku RU-H3RHB
Detector R-AXIS IV
Space group P212121
Cell dimensions (A˚) (a, b, c) 41.9, 65.6, 124.7
Resolution (A˚) 1.5
Total number of observations 179,258
Number of unique observations 54,979
Multiplicity 3.3
Data completeness (%) 98.1 (92.0)
Number of data 2I 89%
I/I 11.3 (2.6)
Rmergea (%) 4.3 (19.9)
Refinement Statistics
Nonhydrogen atoms
Protein 2,715
Water 604
Resolution (A˚) 50–1.5
R factorb (%) 19.5
Rfreeb (%) 22.3
Rms deviations from ideality
Bond lengths (A˚) 0.004
Bond angles () 1.33
Impropers () 0.88
Dihedrals () 24.41
Ramachandran plot
Most-favored and allowed regions (%) 99.6
B factors (A˚2)
Average main chain 11.8
Average side chain 14.7
Average water molecule 29.9
Rmsd bonded Bs 1.4
Values in parentheses are for the highest-resolution bin (approximate interval of 0.1 A˚).
a Rmerge 
 |Ihkl  Ihkl|/Ihkl.
b Rfactor 
 hkl||Fo|  |Fc||/hkl|Fo| for all data except for 3%, which were used for the Rfree calculation.
the conserved serpin core, which comprises most of  mation cannot be undertaken at this time. However,
analysis of the cleaved conformation of thermopin doessheets A, B, and C as well as helices A, B, C, F, and I
(Figure 4D). In contrast, the D, E, and H helices have reveal some unusual and interesting features that are
consistent with thermopin’s existence in a heated envi-undergone significant shifts (2 A˚) in the bacterial ser-
pin. This yields a more compact overall structure (ex- ronment.
Thermopin is a highly charged molecule (predicted pI,posed surface area of 14,000 A˚2 ) compared with
cleaved 1-antitrypsin (16,800 A˚2 ). 9.5). It also contains a greater number of salt bridges
(308) than cleaved 1-antitrypsin (214), and the A, D, E,Comparison of X-ray crystal structures of thermophilic
proteins with mesophilic counterparts reveals that a dra- F, and I helices of thermopin all contain one or more
stabilizing salt bridges. None of the helices in thermopinmatic increase in thermostability is rarely, if ever, attrib-
utable to any one factor [47]. Features such as increased contain a “helix-capping motif.” Thermopin also con-
tains approximately two to three times the number ofsurface charge, an increased number of hydrogen
bonds and salt bridges (particularly those that stabilize hydrogen bonds (913) contained in 1-antitrypsin (276)
and elastase inhibitor (488). Consistent with this, cleaved helices), increased -helical content, and improved
hydrophobic packing are thought to be major contribu- thermopin demonstrated dramatically enhanced stability
against chemical and temperature denaturation.tors to protein thermostability [48–51]. In addition, other
structural features, including N-terminal capping motifs When considered in comparison with the serpin su-
perfamily as a whole (see [2] for a comprehensive serpinand loop length, may also contribute to enhanced stabil-
ity in certain proteins [50]. A structural analysis of alignment), thermopin does not stand out as having par-
ticularly short loops connecting elements of secondarycleaved thermopin is complicated by the existence in
inhibitory serpins of at least two conformations: the na- structure; indeed, the viral serpins are encoded by the
shortest sequences [53–55]. However, many of the loopstive thermolabile state and the cleaved conformation,
which possess dramatically enhanced stability (a Tm of connecting elements of secondary structure in ther-
mopin are shorter than analogous regions in 1-antitryp-most cleaved serpins in excess of 100C [52]). The ab-
sence of a native thermopin structure means a detailed sin; the loop between s3B and the G helix is an extreme
example, where a deletion of only one residue has re-comparative analysis with respect to the native confor-
Structure
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Figure 4. Crystal Structure of Thermopin
(A) Schematic representation of the X-ray crystal structure of cleaved thermopin. A  sheet, red; B  sheet, green; C  sheet, yellow; RCL,
magenta. The eight  helices (cyan) are labeled. The C-terminal tail (dark blue) is marked by an asterisk (*).
(B) Stereo pair showing the final 2Fo  Fc electron density (blue mesh) superposed onto the C-terminal tail (ball and stick format). The figure
details the interactions that this region makes with the top of the A  sheet. Three highly conserved residues on the body of the serpin (Thr177,
Arg258, and Glu309) (green stick) are labeled. Asp308, which forms a water-mediated hydrogen bond to the tail (green stick), is labeled.
Residues in the tail (pink) and Asp363, Pro364, and Ala367 are labeled. Hydrogen bonds are represented by dashed black lines.
(C) Deletion of the G helix in thermopin. B  sheet of thermopin, green; the H helix (red) is labeled. In eukaryote serpins, the loop connecting
strand s3B and the H helix forms the G helix; however, this element of secondary structure is missing in thermopin. The corresponding region
in antitrypsin is shown in dark blue, and the G and H helices from this structure are labeled.
(D) Stereo pair showing a structural superposition of antitrypsin (red) and thermopin (black). Numbering is according to thermopin, and the
N and C termini are labeled.
sulted in the total disruption of this  helix. A recent critical interactions are still present in thermopin, even
in the absence of the G helix; we note that the remainingstudy has revealed that the region around the G helix
and the underlying B  sheet retain native-like local sequence makes extensive hydrophobic contacts with
strands 2–4 of the B  sheet, protecting the hydrophobicinteractions, even in the presence of high concentra-
tions of denaturant [56]. These data suggest that this core from solvent (Figure 4C). The loss of the G helix
is, however, at odds with the observation that mostregion is probably the first part of the serpin to fold and
thus may represent a “folding nucleus.” Obviously these thermostable proteins have an increased -helical con-
A Thermostable Serpin
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Figure 5. Unfolding of Thermopin and Ther-
mopin	ct
The guanidine-HCl (GdnHCl)-mediated un-
folding of native thermopin (left, open squares),
cleaved thermopin (left, filled squares), native
thermopin	ct (right, open circles), and
cleaved thermopin	ct (right, filled circles) are
shown. The raw CD data at 222 nm have been
converted to the fraction of unfolded protein
(Fapp) as previously described [79].
tent. Indeed, thermopin has 25%-helical content, com- important for thermostability and/or folding, we con-
structed a mutant thermopin lacking five C-terminal resi-pared with 26% in 1-antitrypsin. It is worth noting that
dues (thermopin	ct). The mutant was found to havethe RCL itself may also play an important role in confer-
similar inhibitory properties (kapp 
 6.2  0.2  104 M1ring thermal stability; a recent study demonstrated that
s1 and SI 
 8.8 0.3; no detectable dissociation of thea chimeric 1-antitrypsin molecule, containing a four-
inhibitory complex) to the wild-type protein. In addition,amino acid insertion in the RCL, possessed greatly en-
thermopin	ct had an identical heat-induced denatur-hanced resistance to heat-induced polymerization [57].
ation profile (Figure 3B) and thermal denaturation mid-The RCL of thermopin is five residues longer than that
point (Figure 3C). These data negate the hypothesisof antitrypsin, and this increase in loop length would be
that the C-terminal tail of thermopin is important forpredicted to contribute to the thermal stability of the
thermostability, inhibitory activity, or inhibitory complexmolecule.
stability.As a result of improved packing in buried hydrophobic
We attempted to determine the thermodynamic pa-regions as well as enhanced electrostatic effects, pro-
rameters defining the thermostability of thermopin andteins from thermophiles often display extreme structural
thermopin	ct by examining the equilibrium unfoldingrigidity (see for example [48] and [50]). Indeed, the ther-
behavior of the native and cleaved forms in guanidine-mopin structure was observed to be relatively rigid, with
HCL (Figure 5). Both cleaved thermopin and cleavedan overall B factor of 13.3 A˚2 and few regions demonstra-
thermopin	ct could only be partially unfolded in highting high mobility.
concentrations of guanidine-HCl (loss of20% second-
ary structure in 6 M guanidine-HCL). Importantly, thereThermopin Contains a Unique C-Terminal Tail:
was no significant difference in behavior between theBiophysical Characterization of Thermopin
two cleaved species. These values are not significantlyand Thermopinct
different to those previously seen for cleaved antitrypsinThe structure of thermopin revealed the presence of a
(14). The far-UV CD unfolding profiles for native ther-
C-terminal tail, which adopts an extended conformation
mopin and native thermopin	ct were found to be con-
and forms extensive van der Waals and hydrogen bond-
centration independent over a 20-fold concentration
ing interactions (via residues 363–367) with the face of range (0.01–0.2 mg/ml). However, we were not able to
the A  sheet. In particular, residues within the tail form refold either thermopin or thermopin	ct from the dena-
a network of interactions with conserved amino acids tured state to the native conformation; refolding instead
at the top of strands s5A and s6A (Figure 4B). Asp363 resulted in a mixture of polymeric and latent material.
forms an ionic bond with Arg258 (Lys290 in 1-antitryp- This property is not unprecedented; it has been ob-
sin) at the top of s6A, and the backbone nitrogen atom served for other serpins, including antithrombin and
of Ala367 forms a hydrogen bond with Glu309O1 (Glu342 maspin [59]. As a consequence of this lack of reversibil-
in 1-antitrypsin) at the top of s5A. These interactions ity, a thermodynamic analysis of the equilibrium un-
are of interest, since both Glu309 and Arg258 are almost folding data was not attempted.
invariant positions within the serpin superfamily [2, 15]. Native thermopin displayed a three-state unfolding
Furthermore, the mutation Glu342→ Lys (the “Z” variant) pathway, beginning with a pretransition baseline, fol-
in 1-antitrypsin results in instability of the native form lowed by the native to intermediate (N → I) transition
and the enhanced ability to form loop-sheet polymers centered around 1.1 M guanidine-HCl (Figure 5, left).
[29]. A biophysical investigation of the Z variant reveals The intermediate to unfolded (I → U) transition was then
that the molecule also fails to fold efficiently, with the observed to occur with a midpoint centered around
accumulation of a long-lived intermediate that also has 2.8 M guanidine-HCl, and complete unfolding was
the propensity to polymerize [46, 58]. achieved in 4.5 M denaturant (as judged by a complete
The presence of the unique C-terminal extension in loss of CD signal at 222 nm). This profile is similar to
thermopin and its interaction with highly conserved resi- that observed for many other members of the serpin
dues important for serpin stability and function war- family [59–61].
ranted further investigation. We therefore tested the hy- Far-UV CD unfolding revealed that, unlike native ther-
pothesis that the C-terminal tail may play a role in the mopin, native thermopin	ct demonstrated a two-state
folding of thermopin or, alternatively, contribute to the unfolding pathway progressing from the native (N) →
thermostability of the native, metastable state. In order unfolded (U) states, with no observable accumulation
of an intermediate species (Figure 5, right). The transitionto investigate the hypothesis that the C-terminal tail is
Structure
394
Experimental Proceduresmidpoint (1.1 M guanidine-HCl) is similar to the N → I
transition midpoint observed with native thermopin;
Materialshowever, denaturation was complete in 1.5 M guanidine-
A clone containing the full ORF of the Thermobifida fusca serpin
HCl. Thus, deletion of the C-terminal residues dramati- gene was obtained from the JGI (Joint Genome Institute, United
cally altered the way in which the protein unfolds. It is States Department of Energy). Papain was from ICN (Australia), and
bovine chymotrypsin was from Sigma (Australia). 1-antitrypsin wasprobable that this is due to a significant destabilization
prepared as described previously [64].of the intermediate ensemble, so that it is not signifi-
cantly populated at equilibrium. These data suggest that
Cloning and Mutagenesis of the Serpin from T. fuscathe C-terminal tail plays a role important for the unfolding
On the basis of the T. fusca genomic sequence data (from the Joint
and folding of the native molecule. Cumulatively these Genome Institute), sense (5-TTTATGGGATCCGTGTCCATGTCC
data suggest that the C-terminal tail forms essential GGC-3) and antisense (5-CCAGGCCGGGTCACTCTCGAGTAA
contacts that stabilize the intermediate ensemble. CTA-3) oligonucleotides were designed, incorporating a BamHI site
and a SacI restriction site, respectively. The ThermalAce (Invitrogen)The cleaved structure of thermopin reveals that resi-
enzyme was used in a polymerase chain reaction to amplify thedues in the tail form interactions with Glu309 (antitrypsin
full-length sequence, yielding a 1.1 kb product (thermopin). Thisnumbering, 342). This position (conserved in 91% of
fragment, digested with BamHI/SacI (New England Biolabs) and gel
serpins and in all serpin structures determined to date) purified, was cloned into similarly treated pQE30 expression vector
interacts with conserved residues Thr203 and Lys283 (Invitrogen). The QuikChange Site-Directed Mutagenesis Kit (Stra-
[24] and is known to be important for serpin folding. In tagene), with the oligonucleotide 5-GCCGACCCGCACTGATCAGG
TCCGGCCCAG-3 and its antisense counterpart, was used to gener-the disease-causing Z-antitrypsin variant, where Glu342
ate the T. fusca serpin mutant (thermopin	ct) by introducing anis replaced by a lysine, the stability of the folding inter-
Asp360 → stop mutation according to the vendor’s protocol. Posi-mediate is altered, such that mostly polymeric material
tive clones were confirmed by DNA sequencing and transformed
forms [58]. A common link between misfolding and poly- into SG13009(pREP4) Escherichia coli cells (Qiagen) for expression.
merization is now apparent; many different serpin vari-
ants have been identified that cause aggregation, intra- Expression and Purification
cellular accumulation, and disease [62, 63]. Consistent For expression of wild-type protein, 6 liters of 2YT broth (with 100
g/ml of ampicillin) was inoculated with an overnight culture (alsowith this hypothesis, it is interesting to note that, during
supplemented with 30 g/ml kanamycin) of transformed SG13009folding, serpins pass through an intermediate that has a
cells. Expression was induced at an OD600 of 0.7, the cells werehigh propensity to aggregate or polymerize—a process
harvested after 5 hr at 37C, and the pellet was resuspended in 50
that is accelerated by heating [46, 60]. Thus, correct mM NaPO4, 2 M NaCl, 1% Triton X-100, and 0.5 mg/ml lysozyme
folding without aggregation would be hypothesized to (pH 8.3). After incubation for 1 hr at 4C, sonication, and removal
present a significant challenge for a serpin from a ther- of insoluble material by centrifugation at 20,000  g, the soluble
fraction was applied to 5 ml of nickel-charged NTA-Sepharose (APmophilic organism. It is therefore suggested that the
Biotech, Sweden). The resin was washed to baseline with 50 mMextra interactions formed by the C-terminal tail and
NaPO4, 0.5 M NaCl, and 25 mM imidazole (pH 8.0) and protein elutedGlu309 (342) are part of a strategy to fold correctly at
into buffer A (50 mM HEPES and 50 mM NaCl [pH 7.8]) supplemented
elevated temperature but that, upon reaching the native with 250 mM imidazole. This was bound to a 5 ml HiTrap SP-Sepha-
conformation, the C-terminal tail becomes essentially rose column (AP Biotech), washed to baseline with buffer A, and
redundant. eluted using a 60 ml linear gradient into 50 mM HEPES and 1 M
NaCl (pH 7.8). Peak fractions (analyzed by SDS-PAGE) were diluted
into buffer B (50 mM HEPES, 2 M NaCl, and 1 mM EDTA [pH 7.8]),
filtered, and run through a HiTrap phenyl-Sepharose HP column (APBiological Implications
Biotech), with a 60 ml gradient applied into 50 mM HEPES and 1
mM EDTA (pH 7.8). Fractions corresponding with uncleaved ther-
The intrinsic flexibility of serpins is required for their mopin (by SDS-PAGE) were pooled, concentrated to 2 mg/ml, and
function as proteinase inhibitors. Consequently, the re- frozen at 80C until use. Initially, expression and purification of
cent observation of serpins in thermophilic organisms thermopin	ct proceeded as above but were found to be optimal
when they occurred for 24 hr at 21C, in the presence of 5% ethanol.represents an anomaly, since most serpins polymerize
Cleaved material was prepared as follows: a 50-fold excess of ther-at elevated temperatures. This paper reports an analysis
mopin (or thermopin	ct) was allowed to react with chymotrypsinof a prokaryotic serpin, thermopin, from a thermophilic
for 50 min at 37C, in the following buffer: 100 mM HEPES, 100 mM
bacterium, which we show to be a proteinase inhibitor. NaCl, and 10 mM CaCl2 (pH 7.8). A total of 100 uM of Pefabloc was
The 1.5 A˚ crystal structure reveals features linked with added, and the reaction proceeded for an additional 10 min. Intact
thermostability. In addition, it reveals novel features not thermopin (or thermopin	ct) and unreacted chymotrypsin were pre-
cipitated by heating at 80C for 20 min and removed via centrifu-seen in other serpin structures, including a C-terminal
gation.tail that interacts with a region of the molecule shown
to be important in the folding of mammalian serpins.
KineticsInterestingly, the work reveals that thermopin is not
The stoichiometry of inhibition (SI) of chymotrypsin by thermopin
completely resistant to heat-induced inactivation. It at 37C was analyzed by incubating 0–800 nM concentrations of
therefore seems likely that thermopin achieves a deli- thermopin with 100 nM of chymotrypsin in reaction buffer (10 mM
Tris-HCl, 100 mM NaCl, 10 mM CaCl2, and 1 mM EDTA [pH 7.8]) forcate compromise between possessing sufficient ther-
30 min, and then the samples were diluted to yield 1 nM chymotryp-mal stability to survive for a reasonable length of time
sin (final) and measured for their cleavage of 200 M Z-Ala-Ala-at physiological temperature and the ability to undergo
Phe-pNa substrate with a wavelength of 405 nm. A plot of inhibitorthe rapid conformational change required to inhibit tar-
to enzyme ratio versus residual activity yielded a straight line cross-
get proteinases. This work provides insight into the ad- ing the x axis at the SI. The kinetics of association between chymo-
aptation of the serpin scaffold to an environment that trypsin and thermopin were evaluated essentially as described [65],
in reaction buffer. Concentrations were as follows: 0.2 nM chymo-is 18C hotter than the mammalian body.
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trypsin and 2–200 nM thermopin (or mutant). Complex dissociation The progress of refinement was monitored by the Rfree value (3%
of the data), and neither a sigma nor a low-resolution cutoff waswas examined essentially as described [9], by incubating inhibitor
and enzyme at a ratio equal to the SI (i.e., 1 M chymotrypsin and applied to the data. The structure was initially built and refined
automatically by the ARP/WARP procedure, and then manual refine-8 M thermopin or 8.8 M thermopin	ct) for 5 min at 37C (20
half-lives, on the basis of the calculated kapp values) and then by ment was performed with CNS version 1.0 [69]. The final model,
comprising residues 5–324 and 333–367 and 604 water molecules,dilution 200- to 2000-fold into reaction buffer containing substrate.
Substrate hydrolysis was continuously monitored for 4 hr. has an R factor of 19.5% and an Rfree of 22.3% for all reflections
between 50 A˚ and 1.5 A˚. The stereochemical quality and electronNonreducing SDS-PAGE [66] was carried out on samples in order
to visualize covalent complexes between enzyme and inhibitor: 7 density for the 1.5 A˚ structure was excellent (see Table 2 for sum-
mary of statistics).M inhibitor concentration, 0–3.5 M chymotrypsin, and 1 min incu-
bation at 37C preheated reaction buffer, followed by snap freezing.
Structural Analysis
Thermal-Induced Polymerization The coordinates of cleaved human 1-antitrypsin (7API) and horse
The polymerization experiment used 1-antitrypsin at 0.2 mg/ml in leukocyte elastase (1HLE) were obtained from the Protein Data Bank
50 mM Tris and 50 mM NaCl (pH 8.0) and thermopin or thermopin	ct [70]. The program WHATIF [71] was used to calculate the number
at 0.2 mg/ml in 50 mM HEPES and 50 mM NaCl (pH 8.0). During of salt bridges and the -helical content. Hydrogen bonds (not in-
heating at 60C, aliquots were removed at various time points and cluding water-mediated bonds) were calculated with the WHATIF
snap-frozen in an ethanol/dry ice bath. Residual inhibitory activity optimal hydrogen bonding network server. MOLSCRIPT [72] and
at each time point was monitored by incubating 10 nM chymotrypsin Raster3D [73] were used to produce Figures 4 and 5. Thermopin
with 60 nM thermopin (nominal concentration) for 30 min at 37C in and 1-antitrypsin were superposed with a program by A.M. Lesk
reaction buffer. The amount of enzyme activity remaining (in ab- ([74] and the references therein). The initial superposition was im-
sorbance units per minute) was determined as described for the proved by previously described techniques [8, 75]. The exposed
stoichiometry of inhibition (see above). Residual inhibitory activity surface area of the proteins was calculated with DSSP [76].
was expressed as
Spectroscopic Methods
residual inhibitory activity 
 Circular dichroism experiments were performed on a Jasco 810
spectropolarimeter (Jasco, Tokyo) at 20C. Far-UV CD spectra fromenzyme_activityunheated control/enzyme_activitysample
190 nm to 250 nm were collected with 5 s/point signal averaging;
222 measurements were made with the signal averaged over 15 s.and plotted against time. This yielded a single exponential decay
curve whose parameters were determined by least-squares regres- The protein concentration used was 0.2 mg/ml, with a 0.1 cm path
length. Thermal denaturation was performed at a heating rate ofsion in Prism 3.1 (Graphpad Software).
1C/minute, at a protein concentration of 0.05 mg/ml.
Crystallization
All crystallization trials were conducted by the hanging drop vapor Chemical Denaturation
Stock solutions of guanidine-HCl (GdnHCl) in 20 mM NaPO4 (pH 8.0)diffusion technique. The crystals were grown by mixing equal vol-
umes of 5 mg/ml bacterial serpin with the reservoir buffer (20%–30% were prepared and filtered through 0.22 m membranes before
use. The GdnHCl concentration was determined by refractive indexPEG 4K and 0.1 M Tris-HCl [pH 8–9]) at room temperature. Each
well contained 1 ml of reservoir buffer. Large orthorhombic crystals measurements as previously described [77]. Equilibrium unfolding
curves were obtained by incubating protein at various GdnHCl con-appeared within 2 weeks in 15% PEG 4K and 0.1 M Tris (pH 9.0).
SDS-PAGE revealed that the crystallized material was 4 kDa centrations for 2 hr at 25C and plotting the signal change at 222
nm (in the far-UV spectra) as a function of denaturant concentration.smaller than the purified form, indicating that cleavage (most likely
in the RCL) had occurred during the time it took to form crystals. No differences were observed in experiments where spectroscopic
measurements were taken after equilibration for greater lengths ofThe crystals were flash-frozen prior to data collection with 10%
glycerol as the cryoprotectant. time or where the concentration varied between 0.01 mg/ml and 0.2
mg/ml.
X-Ray Data Collection
All data were collected in-house on an R-AXIS IV detector with MALDI-TOF Mass Spectrometry
MALDI-TOF MS analysis was performed with an Applied BiosystemsCuK X-rays generated by a Rigaku RU-H3RHB rotating anode gen-
erator and focused with OSMIC mirrors. X-ray data were collected Voyager-DE STR BioSpectrometry Workstation (Framingham, MA):
ions were accelerated at 20 kV, and all measurements were per-from the frozen crystals with inverse phi geometry. The diffraction
data were processed and analyzed with D*TREK [67] and programs formed in delayed extraction mode. The instrument was operated
in positive ion linear mode with sinapinic acid matrix (Agilent Tech-from the CCP4 suite [68]. The crystals diffracted to 1.5 A˚ and belong
to space group P212121, with unit cell dimensions of a 
 41.9 A˚, b 
 nologies) for protein analysis. The matrix was spotted on the sample
plate and allowed to air dry; sample diluted in acetonitrile/water65.6 A˚, and c
 124.7 A˚, consistent with one monomer per asymmet-
ric unit. A summary of statistics is provided in Table 2. (1:1) formic acid was subsequently spotted on dried matrix and
allowed to air dry. Data from 500 laser shots (337 nm nitrogen laser)
were collected, signal averaged, and processed with the instrumentStructure Determination and Refinement
manufacturer’s Data Explorer software.The structure was solved by the molecular replacement method,
with programs from the CCP4 suite [68] and a resolution range from
10 to 4 A˚. The sequence identity between thermopin and horse Acknowledgments
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